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Introduction
A total of 44 cross-hole air injection tests have been conducted by [see also Illman, 1999] in 16 vertical and inclined boreholes drilled into unsaturated fractured tuff at the Apache Leap Research Site (ALRS) near Superior, Arizona. Their purpose was to characterize the bulk pneumatic properties and connectivity of fractures at the site on scales ranging from meters to several tens of meters. The design, conduct, and type curve interpretation of one of these tests have recently been described by Illman and Neuman [2001] . The type curves they used have been modified after to consider single-phase airflow and extended to consider the effects of storage and skin in monitoring intervals. Cross-hole type curves of pressure derivatives and recovery were included for improved pneumatic charac- each monitoring interval separately from those in other intervals, while treating the fractured rock as a uniform, isotropic porous continuum. Each record yielded an equivalent directional air permeability and air-filled porosity for fractures that connect the corresponding monitoring and injection intervals, representing rock volumes with length scales ranging from meters to a few tens of meters. Both parameters were found to vary considerably from one monitoring interval to another, reflecting the nonuniform nature of pneumatic rock properties at ALRS. The geometric mean of these equivalent permeabilities exceeded by a factor of 50 that obtained earlier by Guzman et al. [1996] from single-hole pneumatic injection tests, on a nominal scale of 1-3 m [Vesselinov, 2000] (single-hole tests yield only limited information about porosities, which therefore cannot be meaningfully compared with cross-hole results).
On the basis of these and related studies conducted at the site by various University of Arizona researchers, Illman and Neuman [2001] concluded that the pneumatic pressure behavior of unsaturated fractured tuffs at ALRS can be described quite accurately by means of linearized single-phase airflow equations; this behavior can be interpreted by treating the rock as a continuum on scales ranging from meters to tens of meters; the continuum is representative primarily of interconnected fractures; as these fractures are filled primarily with air, their pneumatic permeabilities and porosities are close to the bulk intrinsic properties of fractures at the site; these intrinsic prop-erties vary randomly with location and direction across ALRS; and permeability depends strongly on the scale at which it is determined.
Type curve methods provide a relatively simple, fast and reliable way to interpret the results of pressure interference tests between boreholes in porous and fractured geologic media. Because type curves are usually based on analytical solutions of the corresponding flow equations, they typically treat the medium as being composed of one, or very few, uniform constituents such as aquifers, aquitards, faults, dikes, and/or fractures. For this reason, they yield equivalent properties of the medium (permeability, specific storage, or porosity) on scales comparable to distances between an injection or pumping well that generates a pressure signal and monitoring wells in which pressure responses to this signal are observed. Type curve methods cannot provide detailed information about the spatial variability of medium properties on scales smaller than these distances. To obtain such information, Neuman [1987] suggested that the rock be treated as a stochastic continuum and its properties be estimated by the simultaneous numerical inversion of multiple pressure signals, sent across the rock from various boreholes in various directions. Neuman's suggestion arose in the context of hydraulic cross-hole tests conducted by Hsieh et al. [1985] in a saturated crystalline rock mass near Oracle, Arizona, which, however, have not been interpreted in this way. Since the idea is akin to geophysical characterization methods, such as seismic and electromagnetic tomography, Neuman termed his proposed approach "hydraulic tomography."
More recently, the concept of hydraulic tomography has been explored by Bohling [1993] , Tosaka et al. [1993] , Gottlieb and Dietrich [1995] [see also Gottlieb, 1992 ], Masumoto et al. [1995, 1996, 1998 ], Butler et al. [1999] , and Yeh and Liu [2000] . Tosaka et al. [1993] used an inverse model to analyze simultaneously a series of transient cross-hole tests in two-and threedimensional synthetic media. They treated porosity as a known constant and allowed permeability to vary from one grid block to another across each flow domain. Whereas they were able to reproduce quite accurately the spatial pattern of synthetic permeabilities, they were less successful in reproducing their magnitudes. The same was true about a study by Gottlieb and Dietrich [1995] We analyze the pneumatic cross-hole test data in two ways: (1) by considering pressure records from individual borehole monitoring intervals one at a time, while treating the rock as being spatially uniform, and (2) by considering pressure records from multiple tests and borehole monitoring intervals simultaneously, while treating the rock as being randomly heterogeneous. The first approach yields a series of equivalent air permeabilities and air-filled porosities for rock volumes having length scales ranging from meters to tens of meters, represented nominally by the distances between corresponding injection and monitoring intervals. The second approach yields a high-resolution geostatistical estimate of how air permeability and air-filled porosity, defined on grid blocks having a length scale of 1 m, vary spatially throughout the tested rock volume. It amounts to three-dimensional pneumatic "tomography" or stochastic imaging of the rock, as proposed by Neuman [1987] . The first paper of this two-part series describes the field data, the model, and the effect of boreholes on pressure propagation through the rock. The second paper [Vesselinov et within the injection line should not play any role in our analysis. During each test, temperature was recorded in each borehole interval together with relative barometric pressure, air temperature, and relative humidity at ground surface. We perform numerical inverse analyses on 5 of the 44 crosshole tests conducted at the site. These so-called point-to-point tests are labeled PP4, PP5, PP6, PP7, and PP8 (Table 1) . Tests PP4, PP5, PP6, and PP7 were conducted with the packer configuration depicted in Figure 1 . In test PP8 the packers in X3 and Y3 were positioned 5.5 and 5.0 m, respectively, lower along the borehole axes than is indicated in Figure 1 . The 16 test boreholes contained 38 packed-off intervals that varied in length from 0.5 to 42.6 m. When a single packer is used to isolate a borehole segment, the corresponding interval is named after the borehole (e.g., X1). Multiple intervals are numbered sequentially from top to bottom (e.g., X2-1, X2-2, X2-3). As boreholes V2 and W2 are interconnected, the inter- 
Qualitative Analysis of Pressure Responses
Since most monitoring intervals respond consistently to air injection during each cross-hole test, it is reasonable to conclude that air-filled fractures at ALRS are pneumatically well connected. The recorded pressure responses suggest that we should be able to model airflow at the site by treating these fractures as a three-dimensional porous continuum.
Though the fracture network at ALRS is sufficiently interconnected to allow modeling it as a continuum, some of the pressure records nevertheless bear witness to the local influence of discrete fractures. In particular, early pressure data in intervals Y3-1, Z1, Z2-1, Z2-2, Z2-3, Z2-4, and Z3-3 during test PP4 (Figure 2) Whereas some test intervals intersect high-permeability zones, others are evidently completed in low-permeability segments of the rock. Most strikingly, pressure responses in test interval X3 are consistently much lower than those in other intervals, implying that it must be surrounded by lowpermeability rock. It is thus evident that even though the fracture network at the site is sufficiently interconnected to be modeled as a continuum, this continuum is nevertheless strongly heterogeneous. Our conclusion is consistent with an earlier geostatistical analysis of log permeability data from single-hole pneumatic tests at ALRS [Chen et al., 2000; Vesselinov, 2000], which has shown that they vary significantly in space and can be modeled as a random fractal field defined over a continuum. We therefore include in our inverse model of the cross-hole tests an option to represent log air permeability, as well as log air-filled porosity, at the site as random fractal fields. Figures 2, 3 , and 4 exhibit behavior that is suggestive of a borehole storage effect at early time. This is true especially for injection intervals and some monitoring intervals located close to them, for example, X2-2, X2-3, Y2-1, Y2-3, Y3-3, and V3-3 during test PP4, as is seen in Figure 2 . In these intervals the early pressure data delineate a straight line having a near unit slope, which is typical of borehole storage [Papadopulos and Cooper, 1967] . Pressure in the injection interval during test PP6 (Z3-2 in Figure 4 ) climbs exponentially at early time, which we show later reflects the nonlinear impact of variable air compressibility on borehole storage. We therefore account in our model directly for air storage in (as well as airflow through) packed-off borehole intervals and nonlinearities that arise from the high compressibility of air. Spatial discretization of the governing equations is done on a three-dimensional computational grid of tetrahedral elements. Since we treat the rock as being pneumatically isotropic on the local scale, we use the finite volume (integrated finite difference) option of FEHM, which is computationally more efficient than finite elements. The volume associated with each node is defined using three-dimensional Voronoi diagrams based on Delaunay tessellation [Watson, 1981] . Air permeability k and air-filled porosity qb are defined at nodes and are taken to represent average pneumatic parameters over the corresponding control volumes.
Some of the pressure records in
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where subscripts and superscripts identify node and time step, respectively; W is the number of nodes contiguous with node j; k ii is the upgradient air permeability between nodes i and j; Alii and Sii are the distance and effective flow area between nodes i and j, respectively; S zi is the effective area available for gravity flow around node j; and Ats is the length of the sth time step. The geometric parameters W, Alii, Sii, Szi, and V i depend on grid properties and are calculated by FEHM. Time stepping is done using a fully implicit backward difference scheme that is unconditionally stable, first-order accurate in time, and tends to work better for nonlinear problems than does the higher-order time-centered scheme. Upon including initial and boundary conditions in (11), while taking into account the equation of state (4), one can write the former for all nodes as a system of nonlinear algebraic equations We simulate open borehole intervals explicitly by treating them as high-permeability and high-porosity cylinders of finite length and radius. The grid associated with the injection borehole is wider and finer than those associated with other boreholes. This is done so as to allow accurate resolution of relatively high pressure gradients that develop around the injection interval. However, grids surrounding both injection and monitoring boreholes have similar structures. Each is designed so that the sum of computational volumes associated with nodes along the borehole is close to the nominal volume of the borehole. Each borehole grid is additionally refined near the ground surface so as to resolve accurately the flow conditions near this atmospheric boundary. The same is done where boreholes are located close to each other, as happens in the cases of V2 and the W series of boreholes; W2A and W2; W1 and Y1; W3 and Y3. The most complex grid structure is that between boreholes V2 and W2, which intersect each other (Figure 1) . There is a gradual transition from fine borehole grids having radial structures and surrounding coarser grids having regular structures.
To illustrate, consider the grid constructed for simulating injection into an interval along borehole Y2. This grid includes 39,264 nodes and 228,035 tetrahedral elements. In some cases, we selectively "eliminate" boreholes by setting the permeabilities and porosities of nodes along them equal to those of the surrounding rock.
Parameterization and Inverse Approach
The forward simulation problem defined by (1)-(4) is well posed and thus guaranteed to yield a unique and stable solution [Hadamard, 1932] . The corresponding inverse problem may be ill-posed due to a lack of sufficient information about the state of the system (pressure, flux) and the presence of errors (measurement, interpretation and computation). It can therefore yield nonunique and unstable parameter estimates [Neuman, 1973; Neuman and Yakowitz, 1979; Neuman et al., 1980; Neuman, 1980; Neuman, 1986a, 1986b] .
We simulate pneumatic cross-hole test data in two ways: (1) by treating the rock as being spatially uniform and (2) by treating it as being randomly heterogeneous. In the first case, we assign the same uniform air permeability and air-filled porosity to all nodes in the computational grid. In reality, we estimate these parameters from records of pressure variation with time in individual borehole intervals, one record at a time, by a numerical inverse procedure. This is akin in principle to interpreting each pressure record by the type curve method of Illman and Neuman [2001] . It yields a series of equivalent air permeabilities and air-filled porosities for rock volumes having length scales ranging from meters to tens of meters, represented nominally by radius vectors extending from the injection interval to the various monitoring intervals. In the second case we allow log air permeability 1og•o k and log air-filled porosity 1og•o qb to vary from node to node by interpolating each of them geostatistically (and independently of each other) between values assigned to them at a discrete set of "pilot points." We found through numerical experimentation that placing the majority of between 32 and 72 pilot points along borehole monitoring intervals, and some between these and the injection interval, leads to better results than obtained upon distributing the pilot points more uniformly across the grid. The interpolation is done by "ordinary kriging" [e.g., Deutsch and Journel, 1992] The only constraints we impose on our inverse solution are lower and upper bounds on all parameters, as required by PEST. These bounds are set at -20 and -10 for 1og•o k and -5 and -0.5 for 1og•o qb, respectively. We estimate the variogram exponents /3 either separately or simultaneously with log•o k and log•o (k at the pilot points. In the first case, we constrain/3 to be <1 so as to avoid convergence problems that otherwise arise during the nonlinear iterative process of forward airflow simulation. The multiplier a of the power variogram has no effect on kriging and so is neither needed for, nor can be evaluated by, our inverse model. [Levenberg, 1944; Marquardt, 1963] PEST approximates the derivatives in the Jacobian matrix J by finite differences. This is easy to implement but computationally intensive, requiring M + 1 model runs for forward difference and 2M + 1 for central difference schemes. However, the runs are mutually independent and so can be conducted efficiently in parallel on multiple processors. We have modified a parallel version of PEST [Doherty, 1997] so as to utilize optimally the computational resources of a standard UNIX multiprocessor environment and implemented it on the University of Arizona SGI Origin 2000 cluster of 32 processors. We have further altered PEST to allow efficient restarting of the optimization process, if and when it terminates prematurely, so as to virtually eliminate loss of computational time. We also developed a number of preprocessing and postprocessing codes to allow direct and efficient interfacing between X3D, FEHM, GSTAT, and PEST. We used TECPLOT [Amtec, 1997] to represent our results graphically.
Influence of Packed-Off Borehole Intervals
Because of the high compressibility of air and marked nonuniformity of the tested rock volume we expect air storage within, and airflow through, packed-off borehole intervals to have a potential effect on air pressure propagation and distribution throughout the rock. There is little information in the literature about such effects. Most notably, Paillet [1993] We illustrate the point by applying our inverse model to cross-hole test PP4 considering pressure records from individual borehole monitoring intervals one at a time, while treating the rock as being spatially uniform (the inverse analysis of PP4 is discussed at greater length in paper 2). We simulate this test fluence of discrete fractures is strictly local, and the fracture network as a whole should be amenable to representation by a three-dimensional porous continuum. This fracture continuum is nevertheless strongly heterogeneous, providing support for our treatment of it as a random field. Some of the cross-hole data reveal evidence of nonlinear behavior and borehole storage effects due to the high compressibility of air, phenomena for which we account explicitly in our model. Temperature remains stable enough to justify modeling airflow during crosshole tests at ALRS as being isothermal. 
